We report the first successful application of an N-TiO 2 -Ag nanocomposite as an efficient , AM 1.5 G). This superior DSSC performance was due to the reduced band gap energy and retarded charge recombination that resulted from the introduction of plasmonic Ag nanoparticles on the surface of N-TiO 2 . The influence of the Ag content on the overall efficiency was also investigated, and the optimum Ag content for N-TiO 2 was found to be 10 wt%. The enhanced solar energy conversion efficiency demonstrated by the N-TiO 2 -Ag nanocomposite makes it a promising alternative to conventional photoanode-based DSSCs.
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Introduction
Out of consideration for natural resource depletion and environmental issues, dye-sensitized solar cells (DSSCs) have emerged as promising candidates for harvesting solar power, because of their low cost, flexibility, ease of production, relatively high energy conversion efficiency, and low toxicity to the environment 1 . Encouragingly, significant progress has been achieved for DSSCs by introducing novel components such as electrolytes and dyes, along with various morphologies for the semiconductor materials. It is apparent that the further improvement of DSSCs is a key factor to accelerating their industrialization. Materials based on semiconductor oxides, especially titanium dioxide (TiO 2 ), have potential for DSSC applications. The major drawback associated with the use of TiO 2 is the random manner of its electron transport, which will cause the electron-hole recombination process and hence affect the cell performance 2, 3 . In order to overcome this problem, designing a photoanode with an efficient transport pathway from the photoinjected charge carriers to the current collector seems to be a possible alternative to enhance the performance of DSSCs.
With this aim, methods such as surface modification with metal, doping, semiconductor coupling, and hybridizing with carbon materials have been attempted [4] [5] [6] [7] .
Nitrogen-doped TiO 2 possesses good photovoltaic properties. Hence, it has received much attention due to the narrowing of the band gap and shift to the visible region. The major limitation of the N-doping is the low concentration of N dopants that can be doped in the TiO 2 lattice, because the unstable N dopants in the TiO 2 lattice may escape to become N 2 or oxynitrides [8] [9] [10] . Meanwhile, the photogenerated electrons tend to recombine at the mono-doping type of dopant sites, which is another limitation of N-doped TiO 2 -based DSSCs 11, 12 . In order to overcome these limitations , Ndoped TiO 2 has been modified with a noble metal such as Au 13 , Ag 14 , and Pt 14, 15 to prevent the recombination of the photogenerated electron-hole pairs and improve the charge transfer efficiency.
In addition, studies have reported that the introduction of metal nanoparticles to the N-doped TiO 2 - surface could enhance the amount of N that could be stabilized in TiO 2. The TiO 2 -Ag nanocomposites have shown improved DSSC performances, since the Ag nanoparticles act as an electron sink for the photoinjected charge carriers and also show the plasmonic absorption effect, which maximizes the DSSC efficiency [16] [17] [18] . The co-deposition of Ag on the N-doped TiO 2 is more beneficial and has shown enhanced photocatalytic properties due to the synergistic effect that arises between the Ag and N-doped TiO 2 12, 14 .
Based on the above literature, so far the N-TiO 2 and TiO 2 -Ag have been used separately as photoanodes in DSSCs. To the best of our knowledge, we explored the co-deposition of Ag nanoparticles on N-doped TiO 2 as a photoanode for a DSSC for the first time. We successfully developed a facile synthesis method to deposit Ag nanoparticles on N-TiO 2 using a simple chemical reduction method and characterized it using various analytical techniques. The DSSC assembled with the N-TiO 2 -Ag-modified photoanode showed an enhanced conversion efficiency of 8.15%
compared to the unmodified TiO 2 (2.19%). This enhanced efficiency due to the reduced band gap energy and retarded charge recombination resulted from the introduction of plasmonic Ag nanoparticles on the surface of N-TiO 2 . The influence of the Ag content on the overall efficiency was also explored, and the optimum content was 10 wt%. This novel N-TiO 2 -Ag nanocomposite could be a potential candidate for solar energy conversion.
Experimental Methods

Materials
Titanium dioxide (P25) was purchased from Acros Organics. Silver nitrate (AgNO 3 ) and Urea were received from Merck. Sodium borohydride (NaBH 4 ) was obtained from R&M chemicals.
Indium tin oxide (ITO) conducting glass slides (7 Ω/sq) were purchased from Xin Yan Technology Limited, China. N719 (Ruthenizer 535-bisTBA) and Iodolyte Z-100 were received from Solaronix.
Material characterization techniques
The crystalline phases of the samples were determined via X-ray diffraction (XRD; D5000, Siemens), using copper Kα radiation (λ=1.5418 Å) at a scan rate of 0.02°s −1 . The morphology of each film was examined using field emission scanning electron microscopy (Hitachi, SU 8000), transmission electron microscopy (TEM) (Hitachi, HT-7700), and high resolution TEM (JEOL JEM-2100 F). The optical absorption properties in the spectral region of 190-900 nm were assessed using a Thermo Scientific Evolution 300 UV-vis spectrophotometer. Photoluminescence and Raman spectra were collected using a Renishaw inVia 2000 system with a laser emitting at 325 and 514 nm, respectively. X-ray photoelectron spectroscopy (XPS) measurements were performed using synchrotron radiation from beamline no. 3.2 at the Synchrotron Light Research Institute, Thailand.
Synthesis of N-TiO 2 -Ag nanocomposite
The N-TiO 2 -Ag nanocomposite was prepared using a chemical reduction method. Initially, NTiO 2 was prepared by mixing P25 and urea (at a 1:1 weight ratio) and grounding it for at least 30 min in a mortar. It was then annealed in a furnace at 400 °C at a heating rate of 10 °C/min in air for 1 h. Subsequently, a pale yellow N-TiO 2 was obtained 13 . After that, 500 mg of the preformed N- 
Results and discussion
Morphological studies of N-TiO 2 -Ag nanocomposite
The microscopic morphologies of the as-prepared samples were studied using FESEM, TEM, and HRTEM. Fig. 1a shows the FESEM results for N-TiO 2 , which appears to be spherical in shape with a uniform size. Upon the addition of Ag, no significant change in the morphology was observed for the film (Fig. 1b) . The presence of Ag and N on the 
XPS analysis of N-TiO 2 -Ag nanocomposite
The XPS spectra of the lattice. The binding energy of the N 1s atom is observed at 399.5 eV (Fig. 2c) . The binding energies found for the Ag 3d 5/2 and Ag 3d 3/2 levels are observed at 367.5 and 373.5 eV, respectively ( Fig.   2d) , with a peak separation of 6 eV due to the metallic silver 18, 19 . The XPS analysis results provide support for the existence of elements such as Ti, O, N, and Ag in the nanocomposite materials.
Crystalline nature of N-TiO 2 -Ag nanocomposite
The XRD obtained pattern obtained for the N-TiO 2 -Ag nanocomposite is shown in . This observation shows that the deposition of Ag on TiO 2
and N-TiO 2 does not cause any phase transition, but may bring about an electronic environment change in the surroundings 13, [20] [21] [22] .
Optical properties of N-TiO 2 -Ag nanocomposite
The UV-vis absorption spectra of the photoanode is also determined (Fig. S3b and c) . It is observed that E bg value is slightly decreased from 3.31 to 3.23 eV upon doping of N. Hence, we can conclude that the incorporating of N successfully reduced the band-gap and helped to extent the light absorption in the visible region.
Understanding the charge recombination process for a semiconductor is crucial because it would significantly influence the photoelectrochemical properties and DSSC performance. The TiO 2 absorbs incident photons with sufficient energy equal to or higher than the band-gap energy, and it produces photoinduced charge carriers (h + …e -). The recombination of photoinduced electrons and holes releases energy in the form of photoluminescence. Hence, a lower PL intensity indicates less charge recombination. The observed PL spectra for the TiO 2 , N-TiO 2 , and N-TiO 2 -Ag are shown in Fig. 4(a) . A broad peak with a maximum emission at around 580 nm can be observed for the TiO 2 , N-TiO 2 , and N-TiO 2 -Ag. . The TiO 2 and N-TiO 2 showed higher PL intensities due to the rapid recombination of photoinduced charge carriers. The PL intensity decreased when Ag was introduced to the N-TiO 2 . This is mainly attributed to the formation of a Schottky barrier at the Ag and N-TiO 2 interface, which could act as an electron sink to efficiently prevent the electron-hole recombination process 25 . N-TiO 2 -Ag with 10% Ag showed the lowest PL emission intensity, which indicated the least electron-hole recombination compared to 2.5, 5, and 20% Ag content on the TiO 2 surface, as seen in Fig. 4(b) .
Photovoltaic performances of N-TiO 2 -Ag-modified photoanode-based DSSCs
The photovoltaic performances of the TiO 2 , N-TiO 2 , and N-TiO 2 -Ag photoanode-based DSSCs were investigated under simulated solar AM 1.5G irradiation, and the results are shown in In order to achieve a higher performance for the DSSC, it is very important to optimize the Ag content in the photoanode. In this regard, the loading of the Ag content in the photoanode was varied to enhance the DSSC performance. Photocurrent density-photovoltage voltage (J-V) curves were recorded for the N-TiO 2 -Ag nanocomposite-modified photoanodes with different Ag contents and are shown in Fig. 6 . Their corresponding photovoltaic parameters are given in Table 2 . The obtained conversion efficiencies for pristine N-TiO 2 and N-TiO 2 with 10 wt% Ag were 2.93% and 8.15%, respectively. In contrast, for 2.5, 5, and 20 wt% of Ag, the conversion efficiencies were 2.47%, 7.44%, and 1.63%, respectively. The observed results clearly revealed that the conversion efficiency of a DSSC was increased with an increase in the Ag content in the photoanode until it reached a maximum of 10 wt%. A further increase in the Ag content eventually led to a decrease in the conversion efficiency (Fig. 6a and Table 2 ). This decrease in the efficiency at a high Ag loading could be attributed to the following reasons: (i) the absorption and scattering of incident photons 26, 27 , (ii) the shielding of the TiO 2 /electrolyte interface from irradiation 28 , and (iii) the excess Ag may have undergone photooxidation by the photogenerated holes and/or surface hydroxyl radicals present in the TiO 2 particles 29 . Consequently, the overall conversion efficiency of the DSSC deteriorated. The J sc was increased with the increasing Ag content and attained a maximum of 22.51 mA/cm 2 at a loading of 5% (Fig. S4) . Further, J sc decreased to 20.18 mA/cm 2 with 20% Ag loading in the photoanode of the DSSC. It can also be seen that the V oc trends were almost the same, within the range of ~0.68-0.80 V. The J max and V max values of the device also followed trends similar to J sc and V oc (Fig. S4) .
The stability of N-TiO 2 @Ag photoanode based DSSC was also studied under the light illumination "on-off" condition (Fig. S5) . The observed photocurrent density-time (J-T) profile is in agreement with its J-V characteristics. As soon as the light is turned 'on', the photocurrent spike to a maximum value and showed steady-state current as well. When the light is turned 'off', there is sudden fall in the photocurrent and no current in the dark condition. The steady-state of the maximum photocurrent remains the same after several 'on-off' cycles which revealed that the cells show good stability.
Electrochemical behavior of N-TiO 2 -Ag-modified photoanode
In order to obtain deep insights into the interfacial charge transfer process within the fabricated DSSC, the electrochemical impedance spectra (EIS) were recorded in the frequency range of 0.01 Hz to 100 KHz and are shown in Fig. 7 . A well-defined semicircle in the middle frequency region can be observed for the N-TiO 2 -Ag nanocomposite-modified photoanode-based DSSC. The intersection of the high frequency semicircle at the real axis represents the equivalent series resistance of the device (R s ). The arc in the middle frequency range between 1 and 1000 Hz represents the charge transfer resistance (R ct ) between the dye-adsorbed photoanode and the electrolyte interface 2, 30 . Fig. 7(A) shows the Nyquist plot of N-TiO 2 with different contents of Ag.
Here, the R s value can be ignored since it remains fairly consistent (15 Ω), and the DSSC components are the same, except for the different concentrations of Ag in the photoanode. The changes in R ct can mainly be attributed to the changes in the Ag content in the photoanode, which contributed the most to the internal impedance. An increase in the R ct value of the N-TiO 2 -Ag-based photoanode was observed with the increasing Ag content. Thus, a photoanode that contained less Ag had a lower R ct value, which corresponded to the efficient electron transfer process between the photoanode and electrolyte interface. The Nyquist plot of the different photoanodes is shown in Fig.   7 (B). As demonstrated by the Nyquist plot, both the real (Z') and imaginary (Z'') parts of the total impedance, as well as R ct , increased in the order TiO 2 < N-TiO 2 < N-TiO 2 -Ag, which showed the crucial dependence of the N and Ag incorporation on the charge transport. The increase in the R ct value is more beneficial to suppress the charge recombination and could influence the short circuit current (J sc ) of the DSSC. The R s value also decreases with the addition of N and Ag. Therefore, the origin of the higher J sc in N-TiO 2 -Ag is expected to arise from the R s , R ct , and charge transport dynamics determined by the electron lifetime (߬ n ). From the Bode phase plots (Fig. 7(C) and (D) ), the frequency was apparently shifted to the lower frequency region with the addition of N and Ag.
The maximum frequencies (߱ max ) in the middle frequency region of the Bode plots of TiO 2 and NTiO 2 -Ag were 3162.27 Hz and 1995.26 Hz, respectively. Since ߱ max is inversely associated with the electron lifetime, ߬ n = 1/(2ߨf) 31, 32 , a decrease in ߱ max indicates a reduced rate for the chargerecombination process in a DSSC. Electrons with longer ߬ n will survive recombination, as characterized by a larger R ct .
Furthermore, Table 3 . 31, 33, 35 Eventually, the charge collection efficiency was significantly increased with the addition of N and Ag. We can conclude that, as a result of the longer ߬ n and larger R ct , the devices fabricated using N-TiO 2 -Ag showed improved J sc values compared to TiO 2 and N-TiO 2 .
Operation principle of N-TiO 2 -Ag-modified photoanode-based DSSC
The operation principle of the DSSC based on the N-TiO 2 -Ag-modified photoelectrode under illumination is shown in Fig. 8a . The DSSC is based on the photo-excitation of the dye, followed by electron injection into the conduction band of the TiO 2 nanoparticle. During light irradiation, the dye absorbs incident light and promotes electrons to the excited state. The excited electrons are injected into Ag nanoparticles and then transferred to the conduction bands of TiO 2 nanoparticles.
The dye is then oxidized by receiving electrons from the electrolyte through the redox system, and is ready to be used again. The electrolyte itself will be regenerated via the platinum counter electrode, by electrons passing through the external circuit. In our study, the Ag deposited onto the N-TiO 2 not only acted as an electron sink for an efficient charge transfer but could also be used as a scattering element for plasmonic scattering to trap the light and near-field coupled with the dye molecules 36 . This will eventually improve the optical absorption of dye, resulting in a significant photocurrent enhancement (Fig. 8b) . Additionally, the incorporation of Ag also resulted in a change 
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